A plasma spraying process from ceramic particle injection to coating formation was evaluated computationally by integrating particleladen plasma flow, splat formation and coating formation models. Since the plasma flow is unsteady, radial distributions of particle impact temperature and the particle impinging point are obtained. The particle impact temperature is effectively increased by applying an RF electromagnetic field. Furthermore, the coating thickness distribution is strongly influenced by particle size and the RF electromagnetic field.
Introduction
Plasma is regarded as a multifunctional fluid, because it has high energy density, chemical reactivity and variable transport properties. Therefore, plasma spraying has been widely utilized to produce thermal barrier coating (TBC) and chemical reactive coating. However, it has a very complex particle-laden thermofluid field in extreme conditions. 1, 2) Since experimental study to obtain the optimum operating conditions is difficult, computational experiments are considered to be an effective method for optimizing the plasma spraying process. Characteristics of the particle-laden plasma flow have been investigated. [3] [4] [5] [6] [7] [8] The deformation process of an impact molten droplet has also been reported. [9] [10] [11] [12] [13] [14] [15] Recently, a numerical simulation of plasma spraying processes from particle injection to coating formation has been reported. 16) A ceramic splat formation model has also been presented. 17) In the present study, the ceramic spraying process is evaluated by computational experiment. To achieve this, three numerical models are integrated. Particle velocity and temperature prior to impact on a substrate, which are the most important parameters for splat formation, are calculated by using the particle-laden plasma flow model. Splat thickness and diameter are calculated by using the ceramic splat formation model. Particle characteristics are simulated by using the particle-laden plasma flow model and substrate characteristics are given. Finally, coating thickness distributions are evaluated by the coating formation model.
Numerical Model

Particle-laden plasma flow model
Governing equations of a plasma flow, particle characteristics and an induction electromagnetic field are presented under the following assumptions.
(1) The DC plasma flow is treated only downstream of the arc region. (2) The plasma is a continuous, ideal gas in Local Thermodynamic Equilibrium (LTE) and is optically thin with variable thermodynamic and transport properties. (3) The flow, temperature and electromagnetic fields are two-dimensionally axisymmetric. (4) All injected particles are spheres with the same diameter, and the internal temperature is uniform because the temperature difference is 50 K at maximum when the particle diameter is smaller than 50 mm. (5) Only drag force acts on the particles. (6) Collisions between particles are neglected due to the dilute particle-loading condition. (7) There is one-way coupling between the dispersed phase and the carrier phase. (8) The thermodynamic and transport properties of the solid particles are a function of particle temperature. (9) The nozzle and the chamber are electrically insulated. (10) The vector potential and the induction electric field have only an azimuthal component.
Plasma flow
The Eulerian approach is adopted for the plasma flow which is governed by equations of continuity, momentum, energy and state. 5, 8) @ @t þ r Á ðuÞ ¼ 0
Here, F is Lorentz force (j Â B). e, Q j and È D are stagnant internal energy per unit volume, Joule heating (j Á E) and dissipation loss, respectively. j is current density obtained by Ohm's law of j ¼ E. Q r is radiation loss given by approximation curve fittings from the experimental radiation data. 18) In the equations for the plasma flow, u, p, E, B, T and C v represent plasma velocity, pressure, electric field intensity, magnetic flux density, plasma temperature and specific heat at constant volume, respectively. , , and represent density, electrical conductivity, viscosity and thermal conductivity, respectively.
Particle
The Lagrangian approach is adopted for the particle characteristics which are derived from the equations of motion and heat balance of a particle. 
ðT p < T pm and T pm < T p < T pb Þ 
Here, C Df and h f are the drag coefficient and the heat transfer coefficient taking the variable transport properties in the particle boundary layer into consideration. The criterions of complete melting state (a) and complete evaporation state (b) of particles are as follows.
In the equations for the particle motion and the heat transfer, m p , u p , D p , Re p , Pr, c p , T p , T pm , L pm , T pb and L pb respectively represent the mass, velocity, diameter, Reynolds number, Prandtl number, specific heat, temperature, melting point, latent heat of melting, boiling temperature and latent heat of boiling of the particle, and T a represents ambient temperature. The ambient temperature is given as room temperature. , " p and SB represent viscosity, particle emissivity and Stefan-Boltzmann's constant, respectively. Subscripts s, 1 and f correspond to particle surface, bulk and film, respectively. For example, parameters s and 1 represent the viscosities of the plasma flow at the particle surface temperature and at the plasma temperature, respectively, the latter being unaffected by the boundary layer around the particle. Parameters , T and c p are defined by the same method as employed for s and 1 . The transport properties are given by approximation of multiterms as a function of temperature. 19) 
Induction electromagnetic field
The vector potential equation is derived from Maxwell's equations as follows:
In the equations for the electromagnetic field, A, E, B, f RF , !, 0 and i represent vector potential, electric field intensity, magnetic flux density, frequency of RF coil current, angular frequency, permeability of vacuum and imaginary unit, respectively. Figure 1 shows the schematic of the plasma spraying model. The plasma spraying conditions are given in the Table 1 . The velocity and temperature of the plasma flow are radially uniform at the nozzle inlet. Details of computational domain and boundary conditions have been previously reported. 16, 20) 
Ceramic splat formation model
Apparently, any description of the conductive-convective heat transfer between a metal or metal-oxide melt and a solid substrate should be based on two different model approaches. 17) To devise such a description, it is required to consider axisymmetric and non-isothermal spreading of a melted droplet over a substrate in the vicinity of the stagnation point. Here, only the transitional period during which the melt flattens to reach its final thickness should be considered. If the viscosity of the melt is high and its thermal conductivity is low (Prandtl number Pr ¼ v and a ðlÞ pm are the kinematic viscosity and thermal diffusivity of the melt), the thermal boundary layer, in which the temperature varies along the direction normal to the wall (solidification front) from T pm to T p0 , finally submerged into a viscous near-wall flow. Over the viscous near-wall flow, at sufficiently high Reynolds and Weber numbers, we have a flow much the same as ideal spreading of a liquid having an initial temperature equal to T p0 (here, the emission from the free surface is ignored). Hence, in this case the heat transfer regularities are fully determined by the hydrodynamic features of the flow in the viscous sub-layer, and we have to consider a model heat transfer problem concerning a viscous liquid normally impinging on a non-isothermal wall.
To obtain an approximate solution that characterizes deformation and solidification of a metal oxide droplet on a solid substrate in the scenario most frequently met in the thermal spraying (T pm ! T c , T sm > T c , where, T c , T pm and T sm are, respectively, contact temperature, melting point of the particle and melting point of the substrate), we consider, in succession, the following two stages (Fig. 2) :
(1) The stage of ideal impact spreading of the melt over the quasi-stationary viscous layer, this layer being simultaneously displaced by the solidification front that propagates from the substrate. This stage comes to an end when the top z p of the liquid droplet reaches the external boundary of the viscous layer; (2) The stage of subsequent inertial spreading of the previously formed thin viscous layer of a melt, this stage being finally completed when the solidification front meets the free surface. The splat thickness is derived from Stefan's equations under the following assumptions. (1) the splat formation process has two steps from potential flow to viscous flow. (2) Impact particles are solidified to a disk shape. (3) Surface tension of the melted particle in the stage of its deformation is neglected. (4) The effect of supercooling effect during solidification is neglected. (5) Impact particles ideally come in contact with the substrate. (6) Heat transfer to the substrate is only considered one-dimensionally. (7) The transport properties of particles and substrate materials depend on the phase states.
The stage of potential spreading
This stage is restricted to the droplet potential spreading period commencing at the moment t ¼ 0 (Fig. 2) and finishing at the moment t 1 , at which time the top z p of the spreading droplet reaches the external boundary of the viscous layer. 17) may be written as
where ¼ ð2=Þ ffiffiffiffiffiffiffiffiffiffiffiffi =v ðlÞ pm q , being a parameter that characterizes the ideal flow of the melted material in the vicinity of the stagnation point. The solidification rate c will be defined below. Solving eq. (5), we have 
The stage of viscous spreading
This stage begins at the moment t ¼ t 1 (Fig. 2) and finishes at the moment t ¼ t 1 þ t 2 , when the upper boundary of the viscous layer meets the solidification front, i.e. z p ðt 1 þ t 2 Þ ¼ h s1 þ h s2 . Assuming that it continues the motion in the velocity field of the initial viscous flow, the current coordinate of this boundary may be determined as
, and the thickness of the layer solidified at this stage may be found as h s2 ¼ ðt 1 þ t 2 Þ À ðt 1 Þ. Hence, to determine the duration of the second splat formation stage, one has to solve the equation
where the dashes over the quantities indicate non-dimensional space variables. Rearranging this equation in order to obtain an equation for the variable y ¼ 1 þ , we obtain the full cubic equation
Introducing the variable ffiffi ffi y p ¼ w À b=3a, eq. (8) becomes the canonical form
To find the roots of this equation, we may use the Cardano formula. Equation (9) has only one real root, whereas two other roots are complex conjugated, provided that À27q 2 ð1 þ 4p 3 =27q 2 Þ < 0. In this case, the real root of interest is Fig. 2 Definitions of h s1 , h s2 and h s . (1) and (2) q is the thermal activity criterion for particle and substrate materials, namely, ðs;lÞ
. Superscripts l and s, and subscripts p and s correspond to the liquid and solid states of material, and to the particle and substrate, respectively. Subscripts 0 and m correspond to the initial value of parameter and its value at the melting point, respectively.
The final splat diameter D s may be found, under an assumption that the droplet solidifies as a cylinder, from the full balance condition for the particle mass prior to and after the particle interaction with the substrate.
Coating formation model
Regarding coating formation, the thickness of the thermal boundary layer, L 0 , on the substrate must be taken into consideration, because heat transfer from the particle to the substrate depends on the L 0 . When the L 0 is less than the coating thickness, thermodynamic properties of substrate can be regarded as a splat material instead of substrate material. The L 0 is defined as follows: Figure 3 shows a schematic of the coating formation process. The coating is formed by superposing each splat divided by the width of 1 mm.
Results and Discussion
The distributions of axial velocity and temperature in the plasma flow have been previously reported. 16, 20) Figure 4 shows the radial distribution of the impact particle velocity. The particle impacting location and impact particle velocity are radially distributed, though the particle diameter and axial velocity at the nozzle are constant. This is because the particle trajectories are influenced by the unsteady plasma flow which causes entrainment of cold gas from the outer region of the plasma jet. The particle impact velocity near the core region is 10%-18% greater than the velocity located in the outer region. Furthermore, the particle impact velocity is increased 4%-10% by applying an RF electromagnetic field, since the plasma flow is accelerated by Lorentz force. Figure 5 shows the radial distribution of the impact particle temperature, which is increased up to 30% by applying an RF electromagnetic field. This is because the plasma flow is effectively heated by Joule heating under such a field. Especially, particles located in the outer region achieve On the other hand, the particle impact temperature near the core region is decreased 11%-25% due to decreasing residence time. Figure 6 shows a histogram of particle impact velocity. This figure shows the number of particles for the each different velocity region divided by 5 m/s. A nearly normal distribution is obtained in both cases. These results approximately correspond to the experimental results which include the distribution of particle size. 22) When an RF electromagnetic field is applied, the particle impact velocity is distributed in the region of greater than 500 m/s, since the high velocity region of the plasma flow is radially expanded. Figure 7 shows a histogram of particle impact temperature. This figure shows the number of particles for each different temperature region divided by 100 K. When an RF electromagnetic field is not applied, particles are distributed from 2600 to 3300 K, and 67% of the particles are distributed from 2600 to 2800 K. The different tendency between particle temperature and velocity distributions is the same as shown by the experimental results. On the other hand, when an RF electromagnetic field is applied, many particles are distributed in the region of greater than 3800 K, since the particles are heated up to the boiling point. Figures 8 and 9 show the radial distributions of the splat thickness and splat diameter. The distributions show the opposite tendency, because the splat diameter is calcualated by the initial volume of the particle under the assumption of section 2.2.2. The splat thickness is decreased by 20% when an RF electromagnetic field is applied, because the increase of the impact particle temperature causes longer solidification time and the increase of the impact particle velocity causes an increase in the splat formation rate. On the other hand, their radial distributions are comparatively uniform. Figure 10 shows the radial distribution of the coating thickness. Peak positions of coating thickness distributions depend on the particle diameter because larger particles, which have large inertia, goes into the center region. When an RF electromagnetic field is applied, the coating thickness is decreased 28% for D p ¼ 30 mm. When the particle diameter is 40 mm, the maximum coating thickness is greater than 0.7 mm with an RF electromagnetic field, though most of particles are not melted without such a field.
Conclusions
In the present study, the entire ceramic spraying process was evaluated by computational experiment to gain valuable information on the optimization of operating conditions. The obtained results can be summarized as follows: (1) The particles are radially distributed due to the unsteady effect of plasma flow. The particle impact velocity near the core region is 10%-18% greater than that of outer region. On the other hand, the particle impact temperature near the core region is decreased. (2) The particle impact temperature and the particle impact velocity are respectively increased by 20%-30% and by 4%-10% when an RF electromagnetic field is applied. Therefore, the splat thickness is decreased by 20% for D p ¼ 30 mm. (3) The coating thickness distribution is strongly influenced by particle size and the applied RF electromagnetic field. When an RF electromagnetic field is applied, the coating thickness is decreased by 28% for D p ¼ 30 mm. 
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